Abstract: Scutellaria baicalensis Georgi is a traditional Chinese herbal medicine mainly containing flavonoids that contribute to its bioactivities. In this study, the distributions and dynamic changes of flavonoid levels in various organs of S. baicalensis at different development stages were investigated by UHPLC-QTOF-MS/MS and HPLC-DAD methods. The results indicated that the metabolic profiles of S. baicalensis changed with growth and development. During the initial germination stage, the seeds mainly contained flavonols. With growth, the main kinds of flavonoids in S. baicalensis changed from flavonols to flavanones and flavones. The results also revealed that the accumulation of flavonoids in S. baicalensis is organ-specific. The flavones without 4 -OH groups mainly accumulate in the root and the flavanones mainly accumulate in aerial organs. Dynamic accumulation analysis showed that the main flavonoids in the root of S. baicalensis accumulated rapidly before the full-bloom stage, then changed to a small extent. The results suggested the proper harvest time for the aerial parts was at the initial stage of reproductive growth and the flower buds should be collected before flowering. This study deepening the knowledge of S. baicalensis should provide valuable information for guiding the scientific cultivation of this plant and the development and utilization of S. baicalensis.
Introduction
Scutellaria baicalensis Georgi is a medicinal plant of the Lamiaceae family. Its roots have been used as a traditional Chinese medicine (known as Huang Qin in Chinese), for the treatment of many diseases such as influenza, pneumonia, and dysentery [1, 2] for over 2000 years. Many studies have demonstrated that Huang Qin possesses a wide range of pharmacological effects, including antitumor, hepatoprotective and antibacterial effect [3] [4] [5] . It is believed that flavones, such as baicalin, wogonoside and their corresponding aglycones baicalein and wogonin are the major bioactive substances responsible for its reliable and efficacious biological activities [6] .
On account of its important medicinal value, the annual demand for S. baicalensis is increasing year by year. The yield of S. baicalensis based on wild sources is nowadays insufficient and it is gradually being replaced by artificially cultivated plants. As the aerial parts (including the stem, leaf and flower) of S. baicalensis are not the traditional medicinal parts, they are usually discarded as waste during the root harvesting or only used as a functional food in limited areas [7] , which results in a significant waste of resources. In recently years, researches on the aerial parts of S. baicalensis have attracted more and more attentions. Modern pharmacological studies have shown that the aerial parts of S. baicalensis also have biological activities, such as antiviral [8] , anti-lipid peroxidation [9] , neuroprotective [10] and At the seed germination stage, the main metabolites were flavonols, such as dihydromyricetin-3 -O-glucoside, taxifolin-7-O-glucoside, dihydromyricetin, kaempferol-3-O-glucoside and their isomers. They might mainly exist in the episperm and participate in defending against pathogens and UV-damage [34, 35] . With seed germination and seedling growth, the metabolic profiles of S. baicalensis changed. The flavonols did not accumulate with growth, but rather flavones such as scutellarin, baicalin and chrysin-7-O-β-D-glucuronide began to accumulate. The numbers of identified compounds which were unique in each stage were one for the seed germination stage, eight for the seedling stage and four for the mature plant stage ( Figure 2A ) and they are listed in Table 2 . The results demonstrated that flavonoids were synthesized at each growth stage of S. baicalensis, but the metabolic profiles of different development stages obviously differed.
The results of the metabolic analysis also showed that the types of identified compounds in different organs were in the order: reproductive organs > stem > root > leaf. The four parts shared seven common compounds, and the number of unique identified compounds that could only be found in each part were 12 for the roots, two for the stems, one for the leaves and 17 for the reproductive organs ( Figure 2B and Table 2 ). The main type of flavonoids in the root were flavonoids without a 4 -OH group, which were significantly different from those with 4 -OH in the aerial organs. This might be due to a recently discovered evolved pathway for biosynthesis of specific 4 -deoxyflavones in the roots of S. baicalensis [36] . Therefore, the results indicated that in S. baicalensis, the metabolic profiles of different aerial organs were similar and they were different from those of the roots. different organs were in the order: reproductive organs > stem > root > leaf. The four parts shared seven common compounds, and the number of unique identified compounds that could only be found in each part were 12 for the roots, two for the stems, one for the leaves and 17 for the reproductive organs ( Figure 2B and Table 2 ). The main type of flavonoids in the root were flavonoids without a 4′-OH group, which were significantly different from those with 4′-OH in the aerial organs. This might be due to a recently discovered evolved pathway for biosynthesis of specific 4′-deoxyflavones in the roots of S. baicalensis [36] . Therefore, the results indicated that in S. baicalensis, the metabolic profiles of different aerial organs were similar and they were different from those of the roots. The numbering of compounds is the same as in Table 1 . The numbering of compounds is the same as in Table 1 .
According to the distribution of the characterized compounds, the samples could also be divided into different clusters by the unweighted pair-group method with arithmetic (UPGMA) clustering method ( Figure 3) .
The samples collected at the mature plant stage were distinguished from the samples collected at the seed germination stage and seedling stage. Both the roots of S. baicalensis collected at the 62th day (day 62 R) and the roots of S. baicalensis collected at the 83th day (day 83 R) were clustered into the first branch and significantly separated from other samples. The aerial parts of the samples at mature plant stage were separated into two branches. The reproductive organs collected on the 83th day were clustered into the second branch and the vegetative organs were clustered into the third branch. The fourth branch grouped samples collected from the seed germination stage. The samples collected from the seedling stage were clustered into the fifth branch and they had a huge difference in morphology compared with the samples in the fourth branch. The above results also indicated that the metabolic profiles of S. baicalensis were organ-specific and changed with the growth and development phases. According to the distribution of the characterized compounds, the samples could also be divided into different clusters by the unweighted pair-group method with arithmetic (UPGMA) clustering method ( Figure 3) . The samples collected at the mature plant stage were distinguished from the samples collected at the seed germination stage and seedling stage. Both the roots of S. baicalensis collected at the 62th day (day 62 R) and the roots of S. baicalensis collected at the 83th day (day 83 R) were clustered into the first branch and significantly separated from other samples. The aerial parts of the samples at mature plant stage were separated into two branches. The reproductive organs collected on the 83th day were clustered into the second branch and the vegetative organs were clustered into the third branch. The fourth branch grouped samples collected from the seed germination stage. The samples collected from the seedling stage were clustered into the fifth branch and they had a huge difference in morphology compared with the samples in the fourth branch. The above results also indicated that the metabolic profiles of S. baicalensis were organ-specific and changed with the growth and development phases. 
Dynamic Accumulation of Main Flavonoids in S. baicalensis from Seed Sowing to the True Leaf Coming

The results of method validation are presented in Table S1 . As shown in Figure 4 , from the beginning of seed sowing (day 0) to the 6th day (day 6), the flavonoids which mainly existed in the mature plant of S. baicalensis were too low to be quantified. After the 6th day of seed sowing, the contents of isocarthamidin-7-O-β-D-glucuronide, scutellarin, apigenin-7-O-β-D-glucuronide, baicalin, chrysin-7-O-β-D-glucuronide and wogonoside gradually increased. By the 14th day, when the true leaves appeared, the samples were separated into two groups, the aerial parts and roots. The contents of baicalin and wogonoside in roots were higher than those in the aerial parts. The contents of isocarthamidin-7-O-β-D-glucuronide and scutellarin in roots were similar to those in aerial parts. Apigenin-7-O-β-D-glucuronide and chrysin-7-O-β-D-glucuronide mainly existed in the aerial parts. 
The Accumulation Patterns of Main Flavonoids in Roots of S. baicalensis
After the true leaves of S. baicalensis appeared (on the 14th day), the main flavonoids, such as baicalin, wogonoside and their aglycones, accumulated rapidly until to the full-bloom stage. However, with the growth and development of S. baicalensis, the contents of isocarthamidin-7-O-β-D-glucuronide, scutellarin, carthamidin-7-O-β-D-glucuronide, apigenin-7-O-β-D-glucuronide and chrysin-7-O-β-D-glucuronide in the root were too low to be detected. Therefore, these five flavonoid compounds were not quantified in the root of S. baicalensis. As shown in Figure 5 , the content of baicalein in the root increased from the 14th day and reached its highest level (14.35 μg/mg) near the full-bloom stage. Then it decreased significantly. The accumulation pattern of wogonin in the root was similar way to that of baicalein. The content of wogonin in the root reached to the highest level (5.23 μg/mg) at the beginning of the reproductive stage (Table S2) .
The contents of baicalin and wogonoside in the root accumulated rapidly from when the true leaves appeared. When near to the full-bloom stage, the contents of both baicalin and wogonoside reached their peak values, 277.90 and 84.47 μg/mg, respectively. As baicalin and wogonoside were synthesized from baicalein and wogonin, respectively, when the reproductive organs began to develop, the contents of baicalein and wogonin in the root decreased. As there might not be sufficient aglycones synthesized at the reproductive growth stage, the contents of baicalin and wogonoside stopped increasing and changed on a small scale after the full-bloom stage. The logistic curve and Gompertz curve are commonly used to interpret the progress of biological growth phenomena [37, 38] . Both these growth models gave "S"-shaped curves. In the roots of S. baicalensis, the baicalin and wogonoside accumulated rapidly in a short time at the initial stage ( Figure 5 ). After that, their contents stopped increasing and fluctuated in a narrow range. The accumulation patterns of baicalin and wogonoside were like "S" curves, so the logistic growth curve and the Gompertz growth curve were used to fit the accumulation patterns of baicalin and wogonoside. Raw data of the contents were transformed into their logarithmic values and also were used to fit the models. As 
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The contents of baicalin and wogonoside in the root accumulated rapidly from when the true leaves appeared. When near to the full-bloom stage, the contents of both baicalin and wogonoside reached their peak values, 277.90 and 84.47 µg/mg, respectively. As baicalin and wogonoside were synthesized from baicalein and wogonin, respectively, when the reproductive organs began to develop, the contents of baicalein and wogonin in the root decreased. As there might not be sufficient aglycones synthesized at the reproductive growth stage, the contents of baicalin and wogonoside stopped increasing and changed on a small scale after the full-bloom stage. The logistic curve and Gompertz curve are commonly used to interpret the progress of biological growth phenomena [37, 38] . Both these growth models gave "S"-shaped curves. In the roots of S. baicalensis, the baicalin and wogonoside accumulated rapidly in a short time at the initial stage ( Figure 5 ). After that, their contents stopped increasing and fluctuated in a narrow range. The accumulation patterns of baicalin and wogonoside were like "S" curves, so the logistic growth curve and the Gompertz growth curve were used to fit the accumulation patterns of baicalin and wogonoside. Raw data of the contents were transformed into their logarithmic values and also were used to fit the models. As shown in Table 3 and Figure 6 , the models matched with the translated data had bigger determination coefficient (R 2 ) and smaller sum of squares due to error (SSE) values than those models matched with the raw data. The logistic equation fitted by the translated data showed bigger R 2 and smaller SSE than the Gompertz equation, indicating that the logistic growth model fitted the accumulation patterns of baicalin and wogonoside in the root of S. baicalensis well. Through the models, the contents of baicalin and wogonoside could be predicted, so these models could be used to guide scientific cultivation of S. baicalensis and to predict the optimum harvest stage. In general, the main bioactive ingredients enriched rapidly before the full-bloom stage and then changed to a small extent.
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Dynamic Accumulation of Flavonoids in Stems and Leaves of S. baicalensis at Different Growth Stages
As the results in Figures 7 and 8 and Table S2 indicate, the five main flavonoidsisocarthamidin-7-O-β-D-glucuronide, scutellarin, carthamidin-7-O-β-D-glucuronide, apigenin-7-O-β-D-glucuronide and baicalin-had similar accumulation patterns in the stems and leaves of S. baicalensis. The main flavonoids accumulated rapidly after the true leaves appeared. As flavonoids play an important role in UV protection [39, 40] , they are often presented in the epidermal cell layers of the leaf and in the stem tissues which were susceptible to UV light to protect them from photooxidative damage [41] . The reproductive stage (from day 69 to day 167) ranges from June to August. During the reproductive stage, the sunshine duration is the longest and the illumination intensity reached its highest value, so the contents of flavonoids also reach to their highest levels from June to August. However, during the full bloom stage (approximately from day 90 to day 111), the contents of flavonoids in the stems and leaves decreased to some extent. This might be due to the fact that, at the full-bloom stage, flavonoids might be mainly synthesized for reproductive growth and the syntheses of flavonoids in vegetative organs might be depressed, so the contents of flavonoids in stems and leaves decreased to some extent during the full-bloom stage. Therefore, the accumulation patterns of main flavonoids in stems and leaves of S. baicalensis showed an "M" shape. Based on the 
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The morphological characteristics of the reproductive organs changed with their growth and development. Accompanying the changes in morphological characteristics, the contents of chemical components in the reproductive organs also changed significantly [42, 43] . Thus, the accumulation patterns of main flavonoids in the reproductive organs of S. baicalensis, isocarthamidin-7-O-β-D-glucuronide, scutellarin, carthamidin-7-O-β-D-glucuronide, apigenin-7-O-β-D-glucuronide, baicalin and chrysin-7-O-β-Dglucuronide were detected. As the results shown in Figure 9 and Table S2 , with the morphological changes, the contents of the main flavonoids in reproductive organs changed significantly during the six different development stages. The contents of main flavonoids reached to their highest levels in FB1, except for apigenin-7-O-β-D-glucuronide and baicalin. The contents of isocarthamidin-7-O-β-D-glucuronide and carthamidin-7-O-β-D-glucuronide reached to their peak values at the initial development stage of the flower buds, and then decreased to their lowest levels during flowering. After that, the contents of these two compounds increased slightly. In flavonoids metabolic pathway, flavanone was the precursor substance of anthocyanin. When flowering, the common precursors might be used to synthesize anthocyanin. This might explain why the contents of isocarthamidin-7-O-β-D-glucuronide and carthamidin-7-O-β-D-glucuronide decreased with the flower bud growth. As the results shown in Figure 9 and Table S2, The units "μg/mg" meant the contents of analytes in per mg of freeze-dried samples. Each "。" meant the content of the analyte in a sample which was bigger than the 75% quantile plus one and a half times of the box length or smaller than the 25% quantile minus one and a half of times of the box length. The box length was the 75% quantile of the content of the analyte in a sample minus the 25% quantile.
The contents of scutellarin and chrysin-7-O-β-D-glucuronide decreased continuously during the reproductive organ growth (from FB1 to Fruit). The contents of apigenin-7-O-β-D-glucuronide increased from FB1 to FB3, then decreased to the lowest level at fruiting. The content of baicalin reached a peak value in FB2 and then decreased to the lowest level when flowering. At the initial flower bud development stage, anthocyanins in the reproductive organs might be not enough to defend against UV damage, so flavones were synthesized to absorb UV [44, 45] . As anthocyanins and flavone are synthesized in the same pathway, they share the same precursor substances. Therefore, with the flower bud growth, anthocyanins were synthesized continuously and the synthesis of flavones such as apigenin-7-O-β-D-glucuronide, chrysin-7-O-β-D-glucuronide, scutellarin, baicalin was depressed. In conclusion, the flower budding stages of S. baicalensis might be a more optimal The units "µg/mg" meant the contents of analytes in per mg of freeze-dried samples. Each "•" meant the content of the analyte in a sample which was bigger than the 75% quantile plus one and a half times of the box length or smaller than the 25% quantile minus one and a half of times of the box length. The box length was the 75% quantile of the content of the analyte in a sample minus the 25% quantile.
The contents of scutellarin and chrysin-7-O-β-D-glucuronide decreased continuously during the reproductive organ growth (from FB1 to Fruit). The contents of apigenin-7-O-β-D-glucuronide increased from FB1 to FB3, then decreased to the lowest level at fruiting. The content of baicalin reached a peak value in FB2 and then decreased to the lowest level when flowering. At the initial flower bud development stage, anthocyanins in the reproductive organs might be not enough to defend against UV damage, so flavones were synthesized to absorb UV [44, 45] . As anthocyanins and flavone are synthesized in the same pathway, they share the same precursor substances. Therefore, with the flower bud growth, anthocyanins were synthesized continuously and the synthesis of flavones such as apigenin-7-O-β-D-glucuronide, chrysin-7-O-β-D-glucuronide, scutellarin, baicalin was depressed.
In conclusion, the flower budding stages of S. baicalensis might be a more optimal time to harvest than the flower and fruit stage when using for medicinal properties and the flower buds could be separated into different grades by length.
Materials and Methods
Plant Materials and Sample Preparation
The seeds of S. baicalensis were collected from Kushan County (Rizhao, China) and planted in the Medicinal Botanics Garden of China Pharmaceutical University (Nanjing, China) in March of 2016. From seed cultivation (day 0) to seedling growth without true leaves (day 12), the whole plants were harvested every 2 days. From the 14th day (day 14) to the 42th day (day 42), the samples were harvested every 4 days. After day 42, the samples were collected every 7 days until the 251th day (day 251). The samples were collected from the beginning of seed cultivation until the aerial parts died. After the first pair of true leaves appeared (day 14), the whole plant was separated into different parts (such as root, stem, leaf, flower bud, flower and fruit). The flower buds were also divided into four stages by length which were flower bud 1(FB1, <0.5 cm), flower bud 2 (FB2, 0.5-1 cm), flower bud 3 (FB3, 1-1.5 cm) and flower bud 4 (FB4, 1.5-2 cm). At each collection time, 10 plants were collected and pooled. All the collected fresh plant materials were flash frozen in liquid nitrogen. The frozen samples were quickly ground to a fine powder and freeze-dried, then stored in −80 • C until analyzed. The samples collected at day 0, day 2, day 4, day 6, day 8, day 10, day 12, day 14, day 18, day 22, day 62 and day 83 were used for qualitative analysis. All the samples collected as mentioned above from day 0 to day 251 were used for quantitative analysis. For quantitative analysis, each freeze-dried mixed sample (from day 0 to day 251) was performed in triplicate, and triplicate samples were extracted, respectively. The accurately weighed freeze-dried powder (5 mg) was suspended in 70% methanol (v/v, 1 mL), sonicated for 30 min, and then cooled to room temperature. After centrifugation at 12,000 g for 10 min, the supernatant was transferred to a 2 mL volumetric flask. This step was repeated one time and then the volume was adjusted to the calibration mark with 70% methanol (v/v) [6] . The supernatant solution was filtered through a 0.22 µm filter before analysis.
Chemicals and Reagents
The reference standards, isocarthamidin-7-O-β-glucuronide and carthamidin-7-O-β-Dglucuronide, were isolated in our laboratory. Baicalin, baicalein, wogonoside, wogonin, apigenin-7-O-β-D-glucuronide, chrysin-7-O-β-D-glucuronide, and scutellarin samples were purchased from Chengdu Mansite Biological Technology Co. (Chengdu, China). The purity of each compound was determined to be over 98% by HPLC analysis. Chromatography grade acetonitrile was purchased from Merck (Darmstadt, Germany). Ultrapure water for chromatography was obtained from an ULUP-II-20T purification system (ULUP, Nanjing, China). All other reagents were of analytical grade and purchased from Nanjing Chemical Regents Co. Ltd. (Nanjing, China).
UHPLC-QTOF-MS/MS Based Qualitative Analysis and HPLC Quantification
Chromatographic separation was performed on a Shimadzu LC-30A Series UHPLC system (Shimadzu, Duisburg, Germany). An ultimate HPLC XB-C18 column (150 mm × 2.1 mm, 3 µm, Welch, Shanghai, China) was applied for all analyses at 30 • C. The mobile phase was a mixture of 0.1% formic acid-water (A) and 0.1% formic acid-acetonitrile (B) at a flow rate of 0.3 mL/min. The gradient condition was as follows: 0-6 min, 13% B; 6-8 min, 13% B→18% B; 8-14 min, 18%; 14-15 min, 18% B→23% B; 15-22 min, 23% B; 22-24 min, 23% B→25% B; 24-32 min, 25% B; 32-34 min, 25% B→35% B; 34-39 min, 35% B; 39-42 min, 35% B→40% B; 42-47 min, 40% B; 47-50 min, 40% B→95% B; 50-55 min, 95% B; 55-56 min 95% B-13% B, followed by 1 min of re-equilibration. The injection volume was 4 µL.
Mass spectrometry experiments were accomplished on an AB SCIEX Triple TOF TM 5600+ system (AB SCIEX Technologies, Redwood City, CA, USA) equipped with an electrospray ionization (ESI) source. Samples were analyzed in negative ion modes to provide information for structural identification. The parameters were as follows: mass range, m/z 100 to 1000; electrospray ionization temperature ( • C): 500; nebulizer gas pressure (psi): 60; ion spray voltage (KV): 4.5; collision energies (V): 40.
Each sample was quantified for 9 standard substances ( Figure 10 ) using high performance liquid chromatography (HPLC) on an Agilent Series 1260 LC instrument (Agilent Technologies, Cambridge, MA, USA). The chromatographic condition was same as above mentioned and the detection wavelength was at 278 nm [46] . Standard stock solutions of the nine standard substances were prepared and then diluted to appropriate concentrations for calibration and method validation. 
Method Validation
Analyses of linear regression curve, limit of detection (LOD), limit of quantification (LOQ), repeatability, intra-day and inter-day stability as well as recovery for each standard substance were performed. The mixed standard solution was diluted with methanol to yield a series of standard solutions at appropriate concentrations to construct the calibration curves. LOD and LOQ were determined with signal-to-noise (S/N) ratios of 3 and 10 respectively.
To evaluate the precision, we analyzed the standard solutions with six replicates, three replicates for intra-day variability and three ones for inter-day variability. The RSD of each standard compounds was calculated. To confirm the repeatability, six different sample solutions were prepared from the same samples (the root which was collected in the 180th day and flower which was collected in the 139th day) were analyzed and variations were expressed by RSD. The stability was evaluated by storing the sample solutions (root which was collected in the 180th day and flower bud 3 which was collected in the 139th day) at 25 °C, then analyzed at 0 h, 2 h, 4 h, 6 h, 8 h, 12 h, 24 h, 48 h and 72 h respectively. As for the recovery validation, six duplicates of root (collected in the 180th day) were added with certain amounts of standard compounds (baicalin, baicalein, wogonoside and wogonin) for extraction and recovery assessment. Six duplicates of flower bud 3 (collected at the 139th day) were added with certain amounts of standard compounds (isocarthamidin-7-O-β-D-glucuronide, scutellarin, carthamidin-7-O-β-D-glucuronide, apigenin-7-O-β-D-glucuronide, chrysin-7-O-β-D-glucuronide) for extraction and recovery assessment.
Data Analysis
The raw data from the UPLC-QTOF-MS/MS were qualitatively analyzed by Peakview Software (version1.2.0.3, AB SCIEX, Redwood City, CA, USA). In quantitative analysis, each sample was performed in triplicate, and the data were presented as the mean value ± standard deviation (SD). The units "μg/mg" meant the contents of analytes in per mg of freeze-dried samples.
Gompertz curve and Logistic curve were adopted to describe the relationship between flavonoid contents and growing time. The results were fitted to the models as follows (Equation (1)): 
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